The present study investigated the nuclear factor erythroid 2-related factor 2-(Nrf2-) antioxidant response element (ARE) signaling pathway in patients with moderate to severe obstructive sleep apnea-hypopnea syndrome (OSAHS). Their correlation with neurocognitive impairment metrics was investigated to explore potential pathogenesis in OSAHS. Forty-eight patients with OSAHS and 28 controls underwent testing with the Epworth Sleep Scale (ESS), MATRICS Consensus Cognitive Battery (MCCB), Stroop Color and Word Test, polysomnography (PSG), and measurements of the concentration of plasma superoxide dismutase (SOD) and thioredoxin (Trx). Further, 20 pairs of matched patients with OSAHS and controls were selected for measurement of the expression (protein and mRNA) of Nrf2 and of its downstream antioxidase, heme oxygenase-1 (HO-1), in peripheral mononuclear cells (PBMCs). Finally, correlations between neurocognitive impairment and the above metrics were analyzed. Expression of Nrf2 and HO-1 mRNA and protein in the PBMCs, as well as plasma SOD and Trx levels, were significantly reduced in patients with OSAHS. After adjusting for education, sex, age, and smoking index, the expression of Nrf2-ARE signaling pathway proteins (or mRNA) was closely correlated with sleep respiratory parameters. An inverse relationship was demonstrated between the expression of nuclear Nrf2 in PBMCs, concentration of plasma SOD and Trx, and apnea-hypopnea index (AHI) in patients with OSAHS. Trx, nuclear Nrf2 protein, and HO-1 protein were also negatively correlated with the percent of time that SaO 2 was less than 90% (TSat90). Total Nrf2 protein level was positively correlated with AHI and TSat90 and negatively correlated with minimum SaO 2 (LSaO 2 ), while nuclear Nrf2 protein and HO-1 protein were positively correlated with LSaO 2 . Moreover, significant positive correlations were found between maze scores and expression of nuclear Nrf2 protein, HO-1 protein, and SOD and Trx levels. Furthermore, inverse relationships between total Nrf2 protein in PBMCs and HVLT-R and maze scores were found. Multiple linear regression showed plasma Trx concentration as a potential predictor of maze and BVMT-R scores. In conclusion, the expression of Nrf2-ARE molecules and related antioxidases is significantly decreased in patients with OSAHS and is correlated with neurocognitive dysfunction. The Nrf2-ARE signaling pathway may play a crucial role in neurocognitive impairment in patients with moderate to severe OSAHS. Further studies are needed to explore the exact mechanisms and potential treatment interventions.
Introduction
Obstructive sleep apnea-hypopnea syndrome (OSAHS) is characterized by nocturnal intermittent hypoxia/reoxygenation and sleep disturbances and is caused by repeated upper respiratory tract collapse during sleep. OSAHS has a roughly 22% prevalence in men and 17% in women, and this is higher in obese people and the elderly [1, 2] . Neurocognitive impairment is a common and vital clinical symptom in patients with OSAHS, though the exact physical and pathological mechanisms linking the two remain unclear. Oxidantantioxidant imbalance has been considered as an important physiopathological response in patients with OSAHS [3] . Further, chronic intermittent hypoxia (CIH) would induce the accumulation of reactive oxygen species (ROS) and lead to dysfunction of mitochondria and the endoplasmic reticulum, which could then result in impaired ATP production, reduced antioxidant capacity, overproduction of proteins, DNA oxidation, lipid peroxidation, and dysfunction of cells and tissues. The brain, an organ with high oxygen consumption, is very vulnerable to hypoxia. Many studies have demonstrated that overproduction of oxidative stress products induced by CIH impair neurons and neural signaling pathways, and this likely plays a crucial role in the development of neurocognitive deficits in OSAHS [4] . However, studies exploring dysfunctional antioxidant signaling pathways in the development of neurocognitive impairment to find potential treatment strategies are lacking. Nuclear factor erythroid 2-related factor 2-(Nrf2-) antioxidant response element (ARE) is a vital signaling pathway that regulates the expression of several antioxidases in vivo. Nrf2 binds to Kelch-like ECH-associated protein 1 (KEAP1) in the cytoplasm and has low activity under normal physiological conditions. When cells are exposed to oxidative stress, Nrf2 uncouples with KEAP1, translocates into the nucleus, and binds to the ARE, thus initiating the transcription and expression of a series of downstream antioxidases such as heme oxygenase-1 (HO-1), superoxide dismutase (SOD), and thioredoxin (Trx), to maintain the body's physical balance [5] . It has been demonstrated that dysfunction of the Nrf2-ARE signaling pathway plays an important role in the development of cognitive decline in patients with neurodegenerative diseases [6, 7] . However, the role of the Nrf2-ARE signaling pathway in the development of neurocognitive impairment in patients with OSAHS has not been reported. Therefore, the present study sought to evaluate whether there are differences in the expression of Nrf2 mRNA and its downstream antioxidase, HO-1, in peripheral blood mononuclear cells (PBMCs) and related important antioxidases between patients with moderate to severe OSAHS and healthy controls. Further, we analyzed correlations between the Nrf2-ARE signaling pathway and neurocognitive impairment to explore the possible mechanisms of cognitive impairment seen in patients with OSAHS and to provide a foundation for further investigations. In addition, we found that there was no unified and relatively full-scale neurocognitive test battery to evaluate cognitive dysfunction in patients with OSAHS. The MATRICS Consensus Cognitive Battery (MCCB) [8] is an internationally recognized neuropsychological assessment test battery which includes the evaluation of executive function, attention, memory, and information processing speed which were the commonest cognitive impairment domains in OSAHS patients. The clinical reliability and validity of these tests have been examined in China and many other countries [9] [10] [11] . Thus, in the present study, we adopt MCCB to evaluate neurocognitive impairment in patients with moderate-severe OSAHS.
Materials and Methods

Participants.
Forty-eight patients with moderate to severe OSAHS diagnosed using polysomnography (PSG) in the Second Xiangya Hospital of Central South University from September 2015 to March 2017 were included (41 men). Among them, 15 cases were moderate OSAHS and 33 were severe OSAHS. The control group consisted of 28 healthy volunteers (20 men) with no statistical differences from the OSAHS group in age, sex, body mass index (BMI), or years of education. The basic clinical characteristics of these two groups are listed in Table 1 . We selected 20 matched pairs of OSAHS patients and controls (Table 2) for further analysis. This study was approved by the Ethics Committee of the Second Xiangya Hospital of Central South University. All subjects were informed of the study details and provided consent to participate.
Patients were included if they (1) had moderate to severe OSAHS, determined based on the guidelines recommended by the American Academy of Sleep Medicine (AASM; 2013 revision) [12] , and (2) had not received any treatment for OSAHS. The exclusion criteria included (1) mild OSAHS; (2) BMI > 35 kg/m 2 ; (3) history of brain, kidney, liver, blood, endocrine, or reproductive system diseases, malignant tumors, coronary heart disease, and so on; (4) current pregnancy; (5) use of hormones, hypnotics, sedatives, psychotropic substances, or tobacco; (6) infection, trauma, or major surgery in the previous 2 weeks; (7) history of any other respiratory diseases; (8) color blindness or color weakness; (9) previously received a similar or the same neuropsychological assessment; and (10) history of mental illnesses such as anxiety or depression. Where appropriate, these criteria applied to the healthy controls as well, except that they had no sleep disorder.
Daytime Sleepiness and Cognitive Function Assessment.
Participants were provided with an Epworth Sleepiness Scale (ESS) evaluation and neuropsychological cognitive assessment (MCCB and Stroop Color and Word Test [13, 14] , Table 3 ). These assessments were uniformly performed by a trained doctor in the sleep center. The doctor was blinded to the clinical information of every study participant before and after the assessment, and the order of evaluations was the same for every participant.
2.3. Polysomnography. All subjects received diagnostic PSG (Embla S4000; Medcare Technologies, Fuquay Varina, NC, USA). The monitoring was performed in a specialized sleep center.
Collection of Blood Samples.
A 10 ml sample of fasted venous blood was collected from every participant and centrifuged at 3000 rpm for 5 min at 4°C. Plasma was removed and stored in a −80°C freezer. The PBMCs were separated from the remaining blood components via density gradient centrifugation and stored in three tubes. Two tubes were directly stored at −80°C for Western blot analysis, and 1 ml TRIzol (Thermo Fisher Scientific, Waltham, MA, USA) was added to the other tube for real-time quantitative PCR analysis, and the tube was stored at −80°C. 2.7. Western Blot Analysis. PBMCs were washed twice in icecold 1x phosphate buffered saline (PBS). Total protein was extracted with a protein lysate buffer (CWBio, Beijing, China), and nuclear proteins were extracted using a nuclear lysate buffer (Thermo Fisher Scientific). The protein concentration was determined using the bicinchoninic acid assay (BCA). After adjusting the concentrations, cell lysates were boiled at 100°C for 5 min. After cooling, each protein sample was separated on 10% Bis-Tris polyacrylamide gels and then electrotransferred to polyvinylidene difluoride (PVDF) membranes (MilliporeSigma, Burlington, MA, USA) via SDS-PAGE electrophoresis. The electrotransferred PVDF membranes were blocked in 5% skim milk dissolved in tris-buffered saline with 20% Tween-20 (TBS-T) for 1 h at room temperature and then incubated with specific antibodies against Nrf2 (ab137550, 1 : 1000; Abcam), HO-1 (SC-136960, 1 : 200; Santa Cruz Biotechnology, Dallas, TX, USA), β-actin (20536-1-AP, 1 : 2000; Proteintech, Rosemont, IL, USA), or proliferating cell nuclear antigen (PCNA; 10205-2-AP, 1 : 2000; Proteintech) overnight at 4°C. Membranes were then incubated with secondary antibodies labeled with horseradish peroxidase (HRP) for 1 h at room temperature. Finally, the membranes were imaged using Student's t-test (data were presented as mean ± SD). b Mann-Whitney U test (data were presented as median (minimum-maximum)). * * p < 0 01.
OSAHS group than in the control group (p < 0 01), as shown in Tables 5 and 6 and Figures 1 and 2.
Correlation between Sleep Breathing Parameters and
Neurocognitive Function in Patients with OSAHS. Correlations between sleep breathing parameters and neurocognitive function in patients with OSAHS are presented in Table 7 . In the OSAHS group, the NAB: maze scores were negatively correlated with AHI, ODI, % of time SaO 2 < 90% (TSat90), and ESS scores, and positively correlated with LSaO 2 and MSaO 2 after adjusting for the influence of education, sex, age, and smoking index ( Figure 3 ). TSat90 was also negatively correlated with the SCWT-color and SCWTcolor-word test scores ( Figure 4 ). The percent of rapid eye movement in total sleep time (REM%) showed negative correlation with SCWT-color-word test scores. Further, ESS scores were negatively associated with CPT-IP-4D scores ( Figure 5 ).
Levels of Nrf2-ARE Signaling Pathway in Patients with OSAHS. As shown in Table 8 , plasma SOD levels in the OSAHS group were negatively correlated with AHI and ODI after adjusting for the influence of education, sex, age, and smoking index ( Figure 6 ). Moreover, plasma Trx levels were also negatively correlated with AHI and TSat90 and significantly positively correlated with MSaO 2 ( Figure 6 ). As shown in (Table 10) . Further, plasma Trx levels were also positively correlated with scores on the HVLT-R, WMS-III: spatial span, BVMT-R, CPT-IP-2D, and SCWT tests (color and color-word). As shown in Table 11 and Figure 9 , a positive correlation was shown between Nrf2 mRNA expression and scores on HVLT-R and WMS-III: spatial span tests. The expression level of total Nrf2 protein in PBMCs was negatively correlated with HVLT-R and NAB: maze scores. Furthermore, nuclear Nrf2 protein levels were significantly positively correlated with the performance on NAB: mazes and WMS-III: spatial span tests. HO-1 protein expression was also significantly positively correlated with the NAB: maze scores.
Prediction of Neurocognitive Function.
A multiple linear regression was run to predict the results of neurocognitive function tests from independent variables including age, sex, smoking index, BMI, education, SOD, Trx, and PSG parameters. Education and plasma Trx concentration appeared to be statistically significant predictors of the BVMT-R scores (F 13, 34 = 3 367, p < 0 002, R 2 = 0 563; Table 12 ). Age, educational years and plasma Trx concentration were also independent predictors of the NAB: maze score (F 11, 36 = 3 660, p < 0 002, R 2 = 0 528) ( Table 13 ). For the other neurocognitive tests, none of these variables were statistically significantly associated to scores of neurocognitive function tests.
Discussion
CIH in patients with OSAHS during sleep can produce large amounts of ROS, which might lead to oxidation/ anti-oxidation imbalances, increased oxidative stress, and decreased antioxidant capacity-an important factor in the dysfunction of patients with OSAHS [3, 4] . Research has revealed that antioxidases such as aromatase, paraoxonase, sulfhydryl, and SOD, and antioxidants such as glutathione, vitamin A, and vitamin E are significantly lower in patients with OSAHS than in healthy controls [15] [16] [17] . This might reflect important pathophysiological mechanisms in the development of cardiovascular disease, renal damage, and neurocognitive dysfunction in these patients [3, 18] . The Nrf2-ARE signaling pathway is a crucial antioxidant signaling pathway that can activate downstream phase II antioxidant enzymes such as HO-1, SOD, Trx, catalase, NADPH: quinine oxidoreductase (NQO1), and glutathione peroxidase, among others, to maintain healthy function when under oxidative stress in cases like hypoxia, infection, inflammation, or injuries.
The Nrf2-ARE signaling pathway is dysfunctional in the mouse model of intermittent hypoxia (IH) [18] [19] [20] . The study found that the expression of Nrf2 and HO-1 were decreased in the kidneys of mice exposed to longterm (8 weeks) IH, while their expression was increased when exposed to short-term (3-7 d) IH. Moreover, metallothionein, an antioxidant protein, was also significantly decreased after long-term IH exposure [18] . Similarly, Wu et al. [19] found that wild-type mice with IH exposure for 3 d, 1 week, or 3 weeks showed increased expression of Nrf2 protein and mRNA as well as HO-1 and NQO1 -maximum) ). * * p < 0 01. mRNA expression in the kidney. However, the above indicators were all reduced when the mice were exposed to IH for 8 weeks. Further, the expression of Nrf2, HO-1, and NQO1 decreased in metallothionein knockout mice under both short-term and long-term IH treatment [19] . The levels of Nrf2 mRNA and protein in the genioglossus muscle of IH mice have also been shown to be reduced [20] . In vitro, HO-1 and Nrf2 expression was significantly decreased and the intracellular glutathione disulfide/glutathione ratio significantly increased after more than nine hours of IH in human aortic endothelial cells, while 8 h IH treatment upregulated the expression of intracellular Nrf2 and HO-1 [21] . When the IH mice received an HO-1 activator, IH-induced cellular oxidative stress and apoptosis could be alleviated [22] . In the present study, compared to those in the healthy control group, the mRNA and protein expression of Nrf2 and HO-1 in PBMCs as well as plasma levels of SOD and Trx in patients with OSAHS were all significantly reduced, meaning that antioxidant capabilities are systematically impaired in OSAHS. After adjusting for the influence of age, education, sex, and smoking index, the expression of Nrf2-ARE signaling pathway components in patients with OSAHS, including total Nrf2 protein, nuclear Nrf2 protein in PBMCs, and plasma Trx levels, were all correlated with TSat90 and AHI, and HO-1 protein levels were correlated with LSaO 2 , MSaO 2 , ODI, and TSat90. Furthermore, REM% showed no significant correlation with the above antioxidation indicators. Above results indicated that the impaired Nrf2-ARE signaling pathway may be more closely correlated to CIH, an important characteristic of OSAHS, rather than to disturbed sleep architecture. Furthermore, the expression of nuclear Nrf2 protein was negatively correlated with AHI and TSat90, while the expression of total Nrf2 protein was positively correlated with AHI and TSat90. This indicates that the balance of total Nrf2 protein and nuclear Nrf2 protein may be an important regulator of antioxidative capacity in OSAHS. In addition, levels of total Nrf2 protein, nuclear Nrf2 protein, SOD, and Trx were negatively correlated with AHI, which suggests that the Nrf2-ARE signaling pathway might also be closely associated with the severity of the disease.
Control
Neurocognitive impairment, including declines in memory, attention, and executive function, is very common among patients with OSAHS. These impairments reduce the work efficiency and quality of life of patients with OSAHS to different degrees, in addition to negatively influencing social, public safety, and economic development on a societal level [1] . Disturbed sleep architecture and CIH are two major pathological factors in the development of neurocognitive impairment in OSAHS patients [23, 24] . Other factors include biochemical metabolic factors, genetic susceptibility, and comorbidities [24] [25] [26] . The brain, the organ with the highest oxygen consumption rate in the body and a high polyunsaturated fatty acid content, is extremely sensitive to hypoxia and ROS, especially in the cerebral cortex and hippocampus [27] . In OSAHS, CIH may cause mitochondrial dysfunction in the central nervous system, excessive activation of endoplasmic reticulum stress, production of large amounts of ROS/reactive nitrogen, excessive activation of oxidative stress, decompensation or downregulation of antioxidant capacity, and oxidation/antioxidant imbalance. Eventually, this could cause neuronal damage or apoptosis and abnormal signal transduction in the nervous system, which would gradually lead to neurocognitive impairment [3, 4, [28] [29] [30] .
The Nrf2-ARE signaling pathway is one of the most important anti-oxidative signaling pathways in vivo. Studies have confirmed that Nrf2-ARE dysfunction plays a vital role in the development of cognitive dysfunction, especially in neurodegenerative diseases such as Alzheimer's disease (AD), amyotrophic lateral sclerosis, and Parkinson's disease [6] . Aggravated oxidative stress, mitochondrial dysfunction, and chronic neuroinflammation are the most common pathophysiological mechanisms in neurodegenerative diseases [7] . AD, with major clinical manifestations of progressive memory loss, cognitive dysfunction, and behavioral disorders, has a very close relationship with OSAHS. Approximately 30% of OSAHS patients have delayed-onset AD [31] . Men over 50 years of age with OSAHS have a 6-fold greater chance of developing AD compared to their peers [32] . Studies have shown that Nrf2 nuclear transcription is decreased and the Nrf2-ARE signaling pathway is deregulated in hippocampal neurons in patients with AD [33] . Further studies have demonstrated that patients with AD, characterized by beta amyloid deposition and numerous neuronal tangles, show decreased expression of Nrf2-ARE signaling pathway components, which promotes impaired synaptic plasticity and neuronal apoptosis damage, and then results in gradually declined and deteriorated memory and cognitive function [5] . Animal experiments have shown that sulforaphane, an Nrf2 activator, can reduce cerebral oxidative stress and inflammation, thereby improving cognitive impairment in an AD mouse model [34] . Both mRNA and protein expression of Nrf2 were also reduced in the motor cortex and spinal cord of patients with amyotrophic lateral sclerosis [35] . In patients with mild cognitive impairment and other neurodegenerative diseases, the expression of Nrf2-ARE signaling pathway components also decreases, which causes mitochondrial dysfunction, oxidative stress, inflammation upregulation, and downregulation of antioxidases and neuroprotective effects, before leading to cognitive impairment [6] . The regulation of endogenous signaling factors or exogenous Nrf2 activators can activate the Nrf2-ARE signaling pathway, upregulate the expression of downstream antioxidant enzymes such as HO-1, NQO1, and Trx, and improve mitochondrial dysfunction in the central nervous system. This could reduce oxidative stress and neuroinflammation, thus playing a neuroprotective role, which is an extremely valuable potential therapeutic target in the treatment of neurodegenerative diseases [5, 6, 36] . Li et al. [37] also demonstrated that hippocampal expression of HO-1 mRNA in CIH mice was increased during the first week and gradually decreased from the 8th day on. The present study shows that NAB: maze scores are positively correlated with total Nrf2 protein expression, nuclear Nrf2 protein, HO-1 protein in PBMCs, and plasma SOD and Trx levels in patients with OSAHS after adjusting for age, sex, education, and smoking index. Moreover, scores on HVLT-R and WMS-III: spatial span tests were correlated with Nrf2 mRNA, total Nrf2 protein, and plasma Trx levels. The multiple linear regression also showed that the Trx level was a potential predictor of NAB: maze and BVMT-R test scores. These results suggest that the Nrf2-ARE signaling pathway may play an important role in the decline of memory and executive function in patients with OSAHS. Further research is needed to explore the potential pathological mechanisms and treatment interventions, such as administration of Nrf2 activators, to improve and reverse the neurocognitive impairment in OSAHS. However, we did not observe a correlation between the expression levels of Nrf2 and test scores for attention or processing speed, indicating that Nrf2-ARE may be of little importance in the development of attention deficits in patients with OSAHS. This study, however, is not without limitations. First, a low number of women were involved in this study due to the lower prevalence of OSAHS among the female population in China. In our sleep center, women account for fewer than 20% of patients with moderate to severe OSAHS. Moreover, obesity, a strong risk factor for OSAHS, is more common for middle-aged men in China. However, many studies have demonstrated a sex bias in physiological adaptations to oxidative stress in the healthy population as well as in patients with chronic neurodegenerative diseases, immune dysfunction, and cardiovascular disease, among others [38] [39] [40] . Men are more vulnerable to oxidative stress than women because of the role of testosterone; additionally, menopause and changes in estrogen level play an important role in oxidative stress levels in postmenopausal women [40] . Therefore, it is necessary to enroll equal proportions of men and women, or to recruit only either sex, to eliminate any sex bias. Second, the present study is a clinical observational study. We demonstrate a preliminary conclusion that the Nrf2-ARE signaling pathway may play a role in cognitive impairment in patients with OSAHS patients. However, the exact role of a disordered Nrf2-ARE signaling pathway in neurocognitive function among patients with OSAHS is uncertain. Ideally, a CIH mouse model should be established to further verify the detailed mechanisms. Third, the effects of drinking, socioeconomic status, physical activity, dietary factors, and occupational factors on antioxidation and neurocognitive impairment were not evaluated. These factors are also Dependent variable: BVMT-R score. SOD, superoxide dismutase; Trx, thioredoxin; AHI, apnea-hypopnea index; ODI, oxygen desaturation index; LSaO 2 , lowest oxygen saturation; MSaO 2 , mean oxygen saturation; TSat90, % of time SaO 2 < 90%; REM%, percent of rapid eye movement in total sleep time; BMI, body mass index; SOD, superoxide dismutase.
Conclusions
The present study is the first to demonstrate that the expression of components of the Nrf2-ARE signaling pathway, an extremely crucial antioxidant pathway in vivo, and related key antioxidases in peripheral blood are all significantly decreased in patients with moderate and severe OSAHS. More importantly, the reduced expression of Nrf2-ARE proteins is significantly correlated with dysfunction of memory and executive function. Besides, we adopted MCCB, an internationally recognized battery of neurocognitive tests evaluating commonly impaired cognitive domains to evaluate cognitive impairment in patients with OSAHS. The results revealed that MCCB is likely to be a potentially effective neurocognitive test battery in assessing neurocognitive function in these patients. Moreover, we demonstrate that dysfunction of the Nrf2-ARE signaling pathway may be an important pathophysiological mechanism in the development of cognitive impairment in patients with moderate to severe OSAHS. The present study provides an important base for further research in vivo and in vitro to explore the specific mechanisms behind this dysfunction and potential treatments for improving neurocognitive function in patients with OSAHS.
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